Executive Summary
One of the most common environmental problems in the United States and the DOE complexes is the contamination of soils and ground water by toxic volatile organic compounds such as carbon tetrachloride (CCl 4 ). At the Hanford site, for example, the disposal of an estimated 360-580 cubic meters of CCl 4 has resulted in a 7 mile underground plume. The purpose of this research was to provide a fundamental understanding of the adsorption and catalytic reactions of CCl 4 on metal oxide surfaces with a view to developing strategies for its remediation.
Emphasis was placed on the alkaline earth metal oxides; i.e., MgO, CaO, SrO and BaO because it had previously been demonstrated that MgO and CaO reacted with CCl 4 to form the corresponding metal chloride and carbon dioxide. This process was named Adestructive adsorption,@ although one should recognize that the surface-initiated dechlorination reactions often result in the partial or complete conversion of the metal oxide to the metal chloride. The disposal of the metal chloride then becomes a problem.
In the initial phase of this program, the destructive adsorption of CCl 4 on the alkaline earth oxides listed above was studied as a function of the reaction temperature and the amount of CCl 4 injected. The reaction was followed using in situ Raman spectroscopy, X-ray photoelectron spectroscopy, infrared spectroscopy, and 13 C magic angle spinning nuclear magnetic resonance spectroscopy. It was found that the activity toward CCl 4 parallels the basicity of the alkaline earth metal oxide; i.e., the activity decreased in the order BaO>SrO>CaO>MgO. Barium oxide readily reacted with CCl 4 at 200-300EC, and, at these low temperatures, CO 2 was the only gas-phase product that evolved from the surface. 
Research Objectives
One of the most common environmental problems in the United States and in the DOE complex is the contamination of soils and ground water by volatile organic compound (VOCs). For example, leakage of solvents (trichloroethylene and tetrachloroethylene) has produced a plume larger than three square miles of contaminated soils and underlying ground water at the Savannah River site. At the Hanford site, the disposal of 360-580 cubic meters of carbon tetrachloride has resulted in a 7 mile underground plume.
Hundreds of sites within the DOE complex with similar contamination have been identified. The objective of this study was to provide fundamental information on the manner in which carbon tetrachloride reacts with basic metal oxides. The research focused on two aspects of this problem: (1) the destructive adsorption of CCl 4 , which results in the formation of a metal chloride or oxychloride, along with CO 2 , and (2) the catalytic reaction of CCl 4 with H 2 O over a metal oxide to produce HCl and CO 2 . It was of interest to determine the relative activities of a series of oxides, both for destructive adsorption and the catalytic reaction. In the destructive adsorption process, regeneration of the metal chloride or oxychloride was investigated because of potential problems that would be associated with disposal of a solid waste.
For the catalytic reaction, the conversions that could be achieved, the lifetime of the catalysts, the kinetics of the reaction and the possible formation of phosgene as a highly undesirable side product were explored in some detail.
Methods and Results

Destructive Adsorption of Carbon Tetrachloride
Introduction. Klabunde and co-workers [1] have shown that CaO and MgO are able to destroy chlorinated hydrocarbons, yielding CO 2 , traces of COCl 2 , and the corresponding metal chlorides.
Operating temperatures were relatively high, but complete transformation of the oxide into the chloride was possible by depositing transition-metal oxides (e.g., Fe 2 O 3 ) onto the oxide. Although the process has been named Adestructive adsorption,@ one should recognize that the surface initiated dechlorination reactions often result in the partial or complete conversion of the metal oxide to the chloride.
As part of this project, the destructive adsorption of CCl 4 on a series of alkaline earth metal oxides was studied in detail. It will be shown that the activity parallels the ionicity/basicity of the alkaline earth metal oxide; i.e., BaO>SrO>CaO>MgO. At lower temperatures (200-300EC), only CO 2 was observed as a gas phase product, but at higher temperatures (450-600EC), a small amount of COCl 2 was also detected. In addition, at the higher temperatures an unusual metal oxide chloride, viz., M 4 OCl 6 (M=Ba, Sr, or Ca) was also detected in the solid phase. Additional experiments were carried out to determine the reactions of CCl 4 with two lanthanide oxides, La 2 O 3 and CeO 2 .
Methods. All metal oxides were obtained from commercial sources and were treated at 600EC in oxygen overnight prior to reaction with CCl 4 . Carbon tetrachloride normally was introduced into a stream of helium as a pulse, with a time period between pulses of about 2 h. The extent of reaction between CCl 4 and the metal oxide was followed by x-ray photoelectron spectroscopy (XPS), Raman spectroscopy, infrared spectroscopy and nuclear magnetic resonance spectroscopy.
Results. Near-surface reactions of the metal oxides with The reactions that occur in the solid phase were followed at elevated temperatures with in situ Raman spectroscopy. Because the sampling depth is about 0.3 Fm, one is primarily measuring the state of the bulk phase. As an example, the chlorination process of BaO with CCl 4 at 600EC will be discussed in detail. The Raman spectrum of calcined BaO contained bands at 129 and 208 cm -1 , which are shown in Fig. 2A . These bands are typical of defect lattice modes. In addition, bands at 694 and 1057 cm which may be envisaged as a structure in which three out of four oxygen atoms are replaced by chlorine atoms.
As illustrated in the Raman spectra of Fig. 3 , the original BaO can be regenerated by first dissolving the BaCl 2 , which is highly hygroscopic, in deionized water at room temperature. Precipitation of the Ba 2+ ions as BaCO 3 was then accomplished either by adding ammonium carbonate to the solution or by passing CO 2 through the solution for several hours at 25EC. After filtration, the formation of BaCO 3 was spectroscopically verified (spectrum 3C). In a final step, BaCO 3 was extensively transformed into BaO by calcination in O 2 at 600EC (spectrum 3D). This potential for recycling the BaO/BaCl 2 has an important practical advantage in that no solid waste would have to be disposed of.
Gas phase products that evolved from the oxide surfaces during the chlorination process were monitored by infrared spectroscopy, and the results obtained over BaO are presented in Fig. 4 as shown in Scheme 1. This is the same pathway as that proposed previously by Hooker and Klabunde Introduction. The results described above for the destructive adsorption of CCl 4 suggested that it may be possible to achieve a catalytic cycle involving the reaction of CCl 4 with H 2 O to form HCl and CO 2 ;
i.e.,
which has ÄGE 500EC = !390 kJ mol -1 . This catalytic reaction was only briefly described in the patent literature [2] ; although, the uncatalyzed reaction occurs slowly in water [3] . Reaction 1 does not occur over BaO, but, unexpectedly, it was found that MgO is a catalyst for the reaction. The amount of chloride in the sample after reaction was 4 wt%, which corresponds to a Cl/Mg ratio of 0.047. This value may be compared with a near surface Cl/Mg ratio of 0.12 (as determined from XPS), which was nearly the same for samples that had been on stream for 1 h at 500EC or for 70 h at 525EC.
After steady state was attained, there was nearly a 100% chlorine balance between surface carbonates on MgO.
The results are consistent with the mechanism described in Scheme 2, which is adapted from The results described to this point were obtained using Fisher MgO (Ca < 1%, Fe < 0.05%); however, one experiment was carried out with Puratronic MgO (99.998%), and at comparable conditions the activity was the same, indicating that impurities such as iron do not play a role. By contrast, CaO and, as noted above, BaO were not active as catalysts. Both of these oxides are more effective than MgO for the activation of CCl 4 to form the metal chloride at 425EC (Fig. 1) ; therefore, the first step in the reaction mechanism would readily occur. Moreover, the r eplacement of Cl 
Relevance, Impact and Technology Transfer
As noted in the previous section, the removal of chlorinated hydrocarbons from contaminated ground water is a critical DOE environmental management problem, and the removal of carbon tetrachloride from water is one of the more challenging aspects of this problem. The fundamental studies carried out under this project demonstrate two possible strategies for the removal of carbon tetrachloride; namely, (1) destructive adsorption on the alkaline earth oxides and certain lanthanide metal oxides and (2) the catalytic hydrolysis of CCl 4 over magnesium oxide. Obviously, engineering and economic studies will have to be carried out to evaluate the advantages of these methods with respect to other approaches.
The research has shown that BaO is the most suitable oxide, among those studied, for the destructive adsorption of CCl 4 , both with respect to its activity at moderate temperatures and its potential for 
Project Productivity
Within the financial resources that were provided, the goals of the project were accomplished and exceeded. At the outset, the prospect of having a catalyst for the hydrolysis reaction was not anticipated.
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